
Am. J. Hum. Genet. 49:1082-1090, 1991

Carbonic Anhydrase 11 Deficiency Syndrome in a Belgian Family
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Summary

Carbonic anhydrase II (CA II), which has the highest turnover number and widest tissue distribution of any

of the seven CA isozymes known in humans, is absent from the red blood cells and probably from other
tissues of patients with CA II deficiency syndrome. We have sequenced the CA II gene in a patient from a

consanguinous marriage in a Belgian family and identified the mutation that is probably the cause of the
CA II deficiency in that family. The change is a C-to-T transition which results in the substitution of Tyr
(TAT) for His (CAT) at position 107. This histidine is invariant in all amniotic CA isozymes sequenced
to date, as well as the CAs from elasmobranch and algal sources and in a viral CA-related protein. His-107
appears to have a stabilizing function in the structure of all CA molecules, and its substitution by Tyr
apparently disrupts the critical hydrogen bonding of His-107 to two other similarly invariant residues, Glu-117
and Tyr-194, resulting in an unstable CA II molecule. We have also completed the intron-exon structure

of the normal human CA II gene, which has allowed us to prepare PCR primers for all exons. These primers
will facilitate the determination of the mutations in other inherited CA II deficiencies.

Introduction

Of the three inherited forms of osteopetrosis that are

known to occur in humans, only one has been shown
to be associated with renal tubular acidosis, cerebral
calcification, and the absence of carbonic anhydrase
II (CA II) in patients homozygous for the enzyme defi-
ciency (Sly et al. 1983, 1985b; Sly 1989). To date,
more than 30 cases of this disorder, termed "carbonic
anhydrase II deficiency syndrome," have been diag-
nosed from a variety of ethnic backgrounds, including
Italian, German, French, Hispanic, Afro-American,
and Arabian (for reviews, see Cochat et al. 1987; Sly
1989). Because of the absence ofCA II in erythrocytes,
kidney, and probably in other tissues as well (Sly et al.
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1983, 1985a; Krupin et al. 1985; Sato et al. 1990), the
most likely cause of this disorder would be expected to
be a mutation in the regulation or structure of the CA
II gene. Toward this end, we have sequenced the CA
II gene from a patient with CA II deficiency syndrome
in a Belgian family first described by Vainsel et al.
(1972).

Here, we provide evidence that an amino acid sub-
stitution at an invariant site in the CA II molecule is
the mutation responsible for the CA II deficiency in
the Belgian family. Also, in order that other deficiency
mutations at this locus may be readily detected, PCR
primer sets are given. In addition, we describe for the
first time the complete structure of the human CA II
gene.

Material and Methods

Genomic Cloning
DNA was isolated by standard methods (Maniatis

et al. 1982) from the white cells saved from the blood
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typing of the Belgian patient who had previously been
diagnosed with CA II deficiency syndrome (proband
in family IV in fig. 1 of Sly et al. 1985b). The DNA
was partially digested with Sau3AI and cloned into the
BamHI site of EMBL3 (Frischauf et al. 1983). The
DNA from a patient from Kuwait (male proband in
family V in fig. 1 in Sly et al. 1985b) who had CA II
deficiency syndrome was cloned in the same way. The
two libraries, each containing 1 million independently
derived recombinant phage, were screened for CA II-
containing sequences by radiolabeled human CA II
cDNA by using standard techniques (Maniatis et al.
1982). Positive clones were plaque purified, and frag-
ments of the inserts were subcloned into pBSM13-
(Stratagene, San Diego) by using a variety of restric-
tion endonucleases.

Sequence Analysis
Regions containing exons were determined using a

combination of (a) Southern blot analysis of the clones
by the cDNA probe and (b) restriction-site data found
in the cDNA. The previously determined structure of
the mouse CA II gene (Venta et al. 1985b) also served
as a guide for locating the exons. The location of the
first two exons had previously been determined (Venta
et al. 1985a). Sequencing was performed on the
double-stranded plasmids (Hattori and Sakaki 1986)
by using Sequenase (United States Biochemical Corp.)
and later by direct sequence analysis of the double-
stranded PCR products (Bachmann et al. 1990).

In Vitro Mutagenesis
The human CA II cDNA (Montgomery et al. 1987)

was subcloned into the bacterial expression vector
pKK233-2 (Amann and Brosius 1985) by filling in
both the Tth 111I site overlaying the initiation codon
and the NcoI site in the vector, followed by blunt-end
ligation. The 3' end of the cDNA was ligated into the
expression vector by using the unique HindIII sites
contained in the vector and the 3' untranslated region
of the cDNA. The mutation was made in the original
cDNA clone by using a modified PCR-based method
(Ho et al. 1989) and then was transferred into the
CA II expression vector by replacing the PstI-BamHI
fragment. This region was sequenced to confirm that
only the one nucleotide had been changed-and that
it was therefore the only difference between the normal
and mutant CA II expression plasmids.
Expression and Western Blotting
The normal and mutated CA II cDNA expression

vectors were transformed into the Escherichia coli

host Y1089 (Young and Davis 1983), which pre-
viously had been cured by pMC9 by acridine orange
(Miller 1972). The bacteria were grown to confluence
in LB broth and were lysed by addition of lysozyme
and several cycles of freeze-thawing, and the lysate
was cleared by centrifugation. Protein concentrations
of the supernatants were determined using a dye-
binding assay (Bradford 1976), and 50 gg of protein
from each lysate were run on an SDS gel and were
Western-blotted using a standard technique (Towbin
et al. 1979). The blots were tested for CA II immuno-
reactivity by using rabbit anti-human CA II antiserum
and goat anti-rabbit IgG-alkaline phosphatase conju-
gate, followed by staining for phosphatase activity
(Shapiro et al. 1989).

Results

Structure of the Human CA I/ Gene
The clones containing the human CA II gene are

shown in figure 1. The H25 clone was previously iso-
lated from a library (Lawn et al. 1978) containing a
presumably normal CA II gene (Venta et al. 1985a).
The H19.3 clone is from another normal library pre-
pared in our laboratory (R. J. Welty and P. J. Venta,
unpublished data). The 8a clone was derived from the
Belgian patient, and the Kuw 8.1, 7.2, and 6.3 clones
were isolated from the Kuwaiti patient. Other clones
were also derived from these libraries but were not
used in the determination of the structure of the gene.
The restriction map ofthe clones agrees exactly with

data derived from Southern blots of normal human
DNA probed with the human CA II cDNA (Venta et
al. 1987; data not shown), except that an inversion
occurred within about 1 kb of each end of clone 8a.
This inversion is a cloning artifact and not indicative
of the structure of the gene in the uncloned DNA (see
Venta et al. 1987). The precise inversion points con-
tained within this clone have not been determined.

Various subclones containing the different exons
were sequenced as described in Material and Methods.
The sequence containing exons 1 and 2, intron 1, and
about 500 bp of 5' flanking region have been reported
elsewhere (Venta et al. 1985a; Shapiro et al. 1987).
This region contains the minimal human CA II pro-
moter (Shapiro et al. 1987). In the present study, we
have extended this sequence to the first EcoRI site
upstream of the promoter. This sequence and the se-
quences surrounding the other exons have been sub-
mitted to GenBank. The PCR primers used to amplify
and sequence the exons of the human CA II gene are
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Table I

PCR Primers Used to Amplify and Sequence Exons

Sizeb
Exon Primer la Primer 2a (bp)

1. CCCCCGAGCACGAAGTTG GGCCGCGGTAAACAGCATGT 283
2. TGGAACTGAGCAGATTGGCT GGAAAACAGCTACTGGCTAA 346
3. TCTGGATTGAATTTTCAGAG CACTGGGCGTGAGTTGAATT 407
4. ATTGAATAAAATCTGTCAGC CCTAAGCTCTTTTGTAGAATG 259
5 TATGGTGTCAGTGTCATCAAG AATGGAGTATTGAAATTGGTACC 283
6. TTGTGTCTGCTGCTCTCCTA TCAGGTCTCTCTCACTCTGG 319
7. GATTACAGCATGAGCCACTGC AGGGTCCAAATCACCAAGGT 323

a The 5' end is on the left. Some of the primers had artificial linkers attached (six or seven extra
nucleotides) that are not necessary for amplification and are not shown.

b For primers without linkers.

shown in table 1. The sequences of the exonic regions
agreed exactly with the previously published cDNA
sequences (Montgomery et al. 1987; Murakami et al.
1987; Forsman et al. 1988). The BstNI polymorphic
site at amino acid position 189 (Venta and Tashian,
in press) is contained in exon 6 of the Kuwaiti gene

but not in the Belgian gene. All splice site sequences

(table 2) conformed to the consensus rules determined
elsewhere (Mount 1982).

Determination of the Mutation

The mutation was found in exon 3 and converts the
normal histidine 107 residue into a tyrosine residue
(fig. 2). The mutation produces an AccI site which can

be conveniently typed by PCR and digestion with the
restriction enzyme (see fig. 3).

Western Blot Analysis

The presence of the mutation in the mutant expres-

sion plasmid was confirmed by AccI digestion (fig. 3)

and direct sequence analysis (data not shown). Ex-
pression of the mutant CA II cDNA in Escherichia coli
was undetectable (fig. 4). A band of CA II immunore-
activity was present in extracts prepared from E. coli
containing the expression plasmid with the normal CA
II cDNA.

Discussion

The CA gene family in mammals is now known to
encode at least eight CA or CA-like isozymes, termed
"CA I"-"CA VII," "CA Y" ( = CA V?), and "CARP"
(Amor-Gueret and Levi-Strauss 1990; Kato 1990;
Hewett-Emmett and Tashian 1991). Of these, CA II
displays the highest specific activity and is expressed
in the widest variety of tissues, where it functions in
such important processes as the formation of pancre-
atic juice, cerebral spinal fluid, saliva, aqueous humor,
and gastric juice; bicarbonate reabsorption (kidney);
and bone resorption (see Tashian 1989). Despite the

Table 2

Nucleotide Sequences of Donor and Acceptor Splice Sites of Human CA 11 Gene

Donora Intron (size) Acceptora

ACAACGgtgagtgccggcg ..... 1 (1.2 kb) ttctttcccccagGACCTG
AAGCAGgtcagtgtttaga ..... 2 (7.2 kb) gttttaattttagGTGCTC
GCAGAAgtaagatatactt ...... 3 (.7 kb) tcttcggccttagCTTCAC
TTGAAGgttagttgatgac ..... 4 (1.3 kb) tgtttttctttagGTTGGC
ACAAAGgtaaatttgaatt ...... 5 (1.5 kb) tgccttgttctagGGCAAG
GAGCAGgtttgttttgtaa ..... 6 (3.1 kb) ttgtgrcttttagGTGTTG

C g ccccccccc c
AGgt agt ................ Concensus n agG

A a ttttttttt t

a Capital letters represent exonic regions, and lowercase letters represent intronic regions. The concen-
sus sequences are from Mount (1982).
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Figure 2 Sequencing gel showing deficiency causing nucleo-
tide substitution contained in exon 3. The C-to-T transition that
causes the His-to-Tyr substitution is marked by an arrow on the
sequencing gel. Note that the substitution creates an AccI restriction
site (GTATAC).

wide distribution of CA II and its participation in
many physiological processes, clinical manifestations
(i.e., osteopetrosis and renal tubular acidosis) only
occur by the absence of CA II in osteoclasts (bone
resorption) and renal tubular cells (bicarbonate reab-
sorption). The lack of clinical effects in other tissues
may be partly explained by the presence of other CA
isozymes (e.g., CA _, CA 111, and CA IV) that are
normally expressed with CA II in these other tissues
and that can fulfill its function. For example, it was
clearly demonstrated that the red cell CA I can effec-
tively carry out the important role of CA in CA II-
deficient red cells (Dodgson et al. 1988).

The CA It Deficiency Mutation

We have found a mutation in exon 3 of the human
CAlII gene in a patient with CAlI deficiency syndrome.
This mutation converts a histidine residue (CAT) at
position 107 to tyrosine (TAT). Because the patient
is the offspring of a consanguineous marriage, and

1 2 3 4 5 6 7

4.8
3.7

2.3
1.9

1.4
1.3
1.1

kb

Figure 3 Detection of the mutation by using AccI. The figure
is a reverse image of an ethidium bromide-stained gel. Lanes 1-3
include plasmids cut with EcoRI and HindIll, and lanes 4-6 include
plasmids cut with both of these two enzymes and with AccI. Lanes
1 and 4, pKK233-2 expression vector. Lanes 2 and 5, pKKHCAII
(His 107). Lanes 3 and 6, pKKHCAII (Tyr 107). Lane 7, BstNI-
digested lambda phage DNA size markers. Note that the wild-type
cDNA band (1.1 kb; lane S) is not cut with AccI, while the mutant
cDNA (lane 6) is cut with AccI into two smaller bands. This muta-
tion can easily be typed in affected individuals by using the PCR
primers for exon 3 and AccI (table 1). The supply of DNA from this
individual was exhausted before the mutation had been identified
and thus could not be directly shown by this method.

because deficiency alleles of CA II are rare, we can
assume that both alleles are identical by descent and
that a second allele does not have to be identified.
The mutation substitutes tyrosine for a histidine res-

idue that is invariant at position 107 in all evolution-
arily related CAs sequenced to date, including all of
the amniotic CA isozymes (see Amor-Gueret and
Levi-Strauss 1990; Kato 1990; Hewett-Emmett and
Tashian 1991), a red cell CA from tiger shark (Bergen-
hem and Carlsson 1990), a periplasmic CA from the
green alga Chlamydomonas rheinhardtii (Fukuzawa
et al. 1990), and a CA-like transmembrane protein
from vaccinia virus (Niles and Seto 1988). Because the
conserved histidine (His-107) is located in the active
site of human CA I, human CA II, and bovine CA
III (see Notstrand et al. 1974; Ericksson 1988), as
determined by crystallographic analysis, it was of in-
terest to examine the position effect of Tyr-107 in the
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1 2 3 4 5 6

Tyr 194

Trp 209

Figure 4 Western blot showing destabilizing effect of substi-
tution. The arrows indicate the position of the 29-kb band of CA
II immunoreactivity from Escherichia coli lysates containing various
plasmids. Lane 1, Molecular weight markers, including rabbit CA
II. Lane 2, Human CA II, purified from blood. Lane 3, Lysate from
E. coli containing no plasmid. Lane 4, E. coli containing expression

vector (pKK233-2) with no insert. Lane 5, E. coli containing expres-

sion vector with normal human CA II cDNA. Lane 6, E. coli con-

taining expression vector with mutated human CA II cDNA. Immu-
noreactivity is seen with the normal CA II cDNA (His 107; lane 5)
but not with the mutated cDNA (Tyr 107; lane 6).

active site by using a computer molecular-graphic-
modeling program. The results of this analysis showed
that the His pTyr substitution produces a distortion
in the active-site cavity (A. Liljas, personal communi-
cation). As depicted in figure 5, His-107 is normally
hydrogen bonded to Glu-117 and Tyr-194, bonding
to both of which would be disrupted by the mutation.

Figure 5 Partial representation of hydrogen bonding net-
work in active site of human carbonic anhydrase II. The figure is
modified from fig. 3 in Kannan et al. (1975) or fig. 7 in Notstrand
et al. (1974).

Evidence that His-107 is structurally important is fur-
ther indicated by its position in aromatic cluster III, as
determined by crystallographic analysis (Notstrand et
al. 1974). The fact that His-107 is strongly hydrogen
bonded to Tyr-1 94 and Glu-1 17 suggests that it may
be involved in a charge distribution pattern involving
the zinc ion; however, as suggested by Notstrand et
al. (1974), its primary role may be to stabilize the
molecule in this region. This mutation has thus pro-
vided us with information which supports the fact that
His-107 has an important structural role in the CA
molecule, a role first indicated by three-dimensional
analysis and now verified by a mutational event.
We believe that the instability of the mutant mole-

cule in Escherichia coli is indicative of the instability
in the affected human cells. Although we were unable
to detect any of the mutant CA II in the E. coli extracts,
it is possible that small amounts of residual activity
remain in human tissues other than the red blood cells.
Such residual activity might explain why the clinical
symptoms of this patient are somewhat milder than
those of other patients with this disorder. In particu-
lar, the intelligence of the Belgian patient appears to
be normal, whereas most patients with this syndrome
have had evidence of mental retardation (see Sly et al.
1 985b).

It had been our hope that, if some mutant CA II
could be detected in E. coli, we would be able by
biochemical methods to purify the protein and directly
demonstrate instability. Although we have not been
able either to demonstrate the instability of this pro-
tein in vitro or to demonstrate a decreased level of CA
II in the osteoclasts or kidneys, it seems highly unlikely
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that this mutation is not the cause of the disease in this
patient.

Because of the relatively wide ethnic distribution of
the CA II deficiency syndrome, and because of the
variability observed in some of the symptoms (e.g.,
mental retardation, renal tubular acidosis, and cere-
bral calcification), it is possible that several different
mutations account for the clinical heterogeneity re-
ported in patients with the syndrome. Defining the
mutations resulting in CA II deficiency in these pedi-
grees will address this question. It is of interest that a
mouse model for CA II deficiency has been reported
that does not show the bone or brain manifestations
of this syndrome (Lewis et al. 1988). Although CA II
is absent in all mouse tissues examined, no osteo-
petrosis or cerebral calcification was detected, even in
the longest-lived (20 mo) mice that were examined.
There is, however, definite growth retardation and
renal tubular acidosis, and Spicer et al. (1988) have
reported vascular calcification in arterial capillaries.

Structure of the Human CA It Gene (CA2)
Of the eight mammalian CA genes that are known,

four have been characterized. These are (1) the CA I
genes of human (Brady et al. 1989), mouse (Fraser et
al. 1989), and pigtail macaque (Nicewander 1990);
(2) the CA II gene of mouse (Venta et al. 1985b); (3)
the CA III gene of human (Lloyd et al. 1987); and (4)
the CA VII gene of human (Montgomery et al., in
press). All of these genes have seven exons which are
interrupted in the same positions by six introns, and
they range in size from about 10 kb for human CA VII
to about 50 kb for human CA I (see Hewett-Emmett
and Tashian 1991). The CA I gene differs in having
an additional upstream noncoding exon (exon la)
which is separated (in humans) from exon 1 by a 37-kb
intron (Brady et al. 1989; Fraser et al. 1989).
The structure of the human CA II gene which is

located at q22 on chromosome 8 (Nakai et al. 1987)
is very similar to the previously published structures
of the mouse and chicken CA II genes (Venta et al.
1985b; Yoshihara et al. 1987) and has the same splic-
ing points in the coding regions as do all the other CA
genes determined thus far (see Hewett-Emmett and
Tashian 1991). The sequence information was used
to develop PCR primers to all of the coding regions of
the exons as well as to all splice junctions and will be
useful in determining the molecular defects found in
other CA II deficiency alleles.

Note added in proof: GenBank accession numbers for

the human CA II gene sequences are M77176-
M77181.
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